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A LUCIFERASE MODEL TO STUDY HSPTO AND HSP4O
CHAPERONES IN MAMMALIAN CELLS
Cells exposed to high temperatures (hyperthermia./heat shock) respond by expressing heat
shock proteins (HSPs). HSPs are sometimes called molecular chaperones. HSPs can protect cells
against heat-induced protein denaturation and -aggegation, that may ultimately result in cellular
kill. Cells with a temporarily induced heat-resistance are called thermotolerant cells.
Hyperthermia can be used as adjuvant to radiation therapy in the treatment of cancer.
Radiation treatments are usually applied in short intervals (once a day) and ideally hyperthermia
should be administered in parallel. However, between such short intervals, cells may induce the
expression of heat shock proteins that will protect cells against he next hyperthermia treatment.
This should be prevented. A better understanding of the mechanism of heat resistance might
result in an optimal use of hyperthermia in anti-cancer therapies. Furthermore, altered expression
or mutations in HSPs may be related to the response to several other forms of stress. such as
ischemia or chemotherapy. HSPs are also involved in a variety of physiological and
pathophysiological processes such as apoptosis, neurodegenerative diseases and maybe even
oncogenic transformation.
This thesis describes studies on the functionality of HSPs as chaperones in the context
of the living mammalian cell. Only hyperthermia has been used as stress inducer. The study is
exclusively focused on Hsp70 and Hsp40. Hsp70 is known to play a role in the protection of
living cells against hyperthermia. Hsp40 can stimulate Hsp70 as a chaperone invitro,but this has
never been demonstrated in living mammalian cells. We investigated the cooperation between
Hsp70 and Hsp40 in living cells in the protection mechanism against heat-induced protein
denaturation and aggregation.
The introduction gives an overview on the mechanism of Hsp70. So far most
information is obtained from in viÍro studies. ln these studies, reporter proteins such as luciferase
aÍe often used to monitor protein damage.
Denatured proteins expose hydrophobic stretches. Hsp70 has a high affinity for
hydrophobic parts, and binding by Hsp70 is suffrcient to shield them from improper interactions
that might result in protein aggregation and finally in cell death.
Hsp70 has an ATPase activity and its functionality is partially regulated by ATP/ADp
conversions. Hsp70 has a low substrate affrnity in the ATP-bound and a high affrnity in the ADp-
bound conformation. Denatured proteins can bind to Hsp70-ATP, and this binding is enhanced
upon ATP hydrolysis. The subsequent ATP/ADP exchange results in a reformation of the Hsp70-
ATP form with a low substrate affrnity. Hsp40 stimulates the Hsp70 ATPase activity and Hsp40
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is called a co-chaperone ofHsp70.
Various proteins with homology to Hsp40 are expressed in mammalian cells. The highest
level of homology is found in the so-called J-domain. This domain is the site of interaction
between Hsp40 and Hsp70. Other J-domain containing proteins might also use Hsp70 functions
and modulate the FIsp70 activity by an interaction via their J-domain.
Meanwhile, additional Hsp70 regulators have been discovered in mammalian cells. These
are Hip, Bag- 1 and Hop. Hip stabilizes complexes between Hsp70 and denatured substrates. Bag-
I inhibits the functionality of Hsp70 as a chaperone, the mechanism of which is yet unclear. Hop
regulates the cooperation of Hsp70 with at least one other HSP, Hsp90.
Chapter 2 describes the development of a model system that is used throughout this
thesis to investigate the functionality of Hsp70 and Hsp40 in intact mammalian cells. Under non-
stress conditions Hsp70 and FIsp40 are predominantly cy'toplasmic proteins and they translocate
to the nucleus upon heat shock. This suggests that Hsp70 and tlsp4O have a specific function in
tl.re protection of nuclear proteins. This may be relevant for clinical applications: hyperthermic
treatments are supposed to inhibit repair of radiation induced DNA damage in the nucleus, that
will result in an enhanced effectiveness of the radiation treatment. We therefbre developed a
model that allows comparing thermal damage in the nucleus and the cy'toplasm.
To detect heat-induced amage we used the reporter enzyme luciferase. Luciferase from
the firefly Photinus pyralis is a heat-sensitive protein localized in peroxisomes. A mutant
luciferase with a point mutation in its peroxisomal targeting sequence was used. This luciferase
is localized in the cytoplasm (cy't-luciferase). To study effects in the nucleus, a nuclear
localization signal was fused to the N-terminus of cytoplasmic luciferase resulting in a nuclear
targeted luciferase (nuc-luciferase).
The mutations might have resulted in changed luciferase enzyme characteristics.
Therefore, we checked both luciferases for changes in the specific enzyme activity or in the
intrinsic heat sensitivity. Such changes were not found. Next, the luciferases were used to
compare the heat sensitivity of the cy'toplasm and the nucleus. When expressed in the nucleus,
luciferase heat inactivation was more rapid than when present in the cytoplasm. Also the
magnitude of thermoprotection in heat-induced thermotolerant cells was lower for nuclear
luciferase than for its cy'toplasmic ounterpart. The conclusion ofthis chapter is that the nuclear
microenvironment has a destabilizing influence, thus increasing the heat sensitivity of proteins.
In chapter 3 the thermoprotective capacities of the translation inhibitors cycloheximide
and puromycin were investigated. Several studies have shown that cells incubated with these
inhibitors have a decreased heat sensitivity. The mechanism ofthis resistance is unclear so far.
A translation anest may release Hsp70 proteins from the co-translational protein folding process.
This may result in an increase in the pool of free Hsp70 that could enhance the capacity of the
cell to protect proteins against heat-induced amage. Altematively, the translation arrest may also
reduce the amount of heat-sensitive nascent proteins, that may also increase the cellular heat-
resistance. We tried to find out which of these two events would contribute most to the heat
resistance induced by incubation with translation inhibitors.
We found that incubations with puromycin and cycloheximide predominantly result in
thermoprotection ofcytoplasmic, but not nuclear luciferase. This suggests that the effects ofthe
translation inhibitors are predominantly cytoplasmic; this is consistent with the localization of
the protein translation machine. Furthermore, incubation with cycloheximide still increased the
cellular protection even when Hsp70-mediated protection was already maximal. This suggests
that another event than just an increase in the pool of free Hsp70 might cause the enhanced heat
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resistaÍrce by increasing the pool of free Hsp70, but probably by decreasing the amount of heat
sensitive nascent proteins.
ln chapter 4 the capacity of Hsp70 to protect luciferase against heat-induced damage was
investigated. The cooperation between Hsp70 and Hsp40, so far only showed in in vitro studies,
was studied in living cells. We found that overexpression of Hsp70 is sufficient to protect both
nuclear and cytoplasmic luciferase. The recovery ofboth luciferases is also increased in cells
overexpressing Hsp70. Overexpression ofHsp40 indeed enhances the capacity ofHsp70, but
only in the process of recovery from thermal damage and not during heat shock. The enhancing
capacity of Hsp40 is only observed during the recovery from relatively high damage. The
conclusion of this chapter is that in living cells, Hsp70 and Hsp40 cooperate in the protection of
proteins against hyperthermia, specifically in the process of enzyme refolding after heat shock.
The cooperation between Hsp70 and Hsp40 was investigated in more detail in chapter
5. A series of Hsp40 mutants was evaluated for its capacity to stimulate Hsp70 in the refolding
of luciferase after heat shock. First Hsp40 was targeted into the nucleus, contrasting wild type
Hsp40 that is expressed both in the cytoplasm and in the nucleus. Nuclear Hsp40 stimulates the
recovery of nuclear luciferase more efficiently than wild type Hsp40. Nuclear Hsp40 does not
stimulate the recovery of cytoplasmic luciferase. This supports the hypothesis that the
Hsp70/Hsp40 chaperone couple directly affects the refolding of luciferase and that this is not due
to pleiotropic events caused by changes in the cellular metabolism. We found that, analogous to
in vitro observations, the cooperation between Hsp70 and Hsp40 is disturbed by a point mutation
in the Hsp40 J-domain or by deletion of the last four amino acids of the Hsp70 C-terminus.
Finally, we found that the expression of Hsp40 mutants with large C-terminal deletions inhibits
the activity of Hsp70 in the cell. From in vllro studies it is known that similar mutants have a
reduced capacity to stimulate Hsp70, but that they can still interact with Hsp70. The expression
of a Hsp40 mutant consisting of only the J-domain even completely blocks the capacity of Hsp70
to refold luciferase after heat shock. Since mammalian cells express Hsp40 proteins under non-
stress conditions as well, our observations uggest hat J-domain proteins have an essential role
in the regulation of the chaperone activity of Hsp70 in these cells.
The general discussion describes a mechanism that might explain the cooperation
between Hsp70 and Hsp40. Specifically the observation that Hsp70 and Hsp40 only seem to
cooperate in the process of refolding and not in the protection of luciferase enzyme activity
during heat shock is discussed.
Hsp70 may protect luciferase enryme activity during hyperthermia when it is in the open,
ATP-bound conformation,just by rapidly binding and releasing luciferase. The passive binding
and release alone is sufiicient to shift the luciferase denaturation equilibrium process into more
en4rmatically active forms. Hsp7O-ADP has a decreased capacity to bind luciferase, but this form
will bind luciferase more tightly when once bound. Thus, modulation of the Hsp70 ATPase
activity by Hsp40 might only negatively affect the protection of luciferase enzqe activity during
heat shock. This was indeed observed when the cellular concentration of Hsp70 is relatively low.
When the concentration of Hsp70 was increased by transfection, this negative effect of Hsp40
was not detectable anymore. This might suggest that Hsp40 cannot stimulate the Hsp70 ATPase
activity in this situation. Alternatively, Hsp40 may still stimulate the Hsp70 ATPase activity
during heat shock but this effect on Hsp70 is immediately counteracted by a rapid ATP/ADP
exchange reaction, resulting in the formation of the Hsp7O-ATP conformation.
The cooperation between Hsp70 and Hsp40 in the recovery of luciferase from thermal
damage might be explained by assuming that Hsp40 stabilizes complexes between Hsp70 and
denatured luciferase during hyperthermi4 as described in the literatwe. This would decrease the
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levei of aggregated luciferase. Thus, the damage before the refolding process is decreased.
resulting in an increased recovery of luciferase enzyme activify. The question remains why
Hsp40 has only an effect on the extent of Hsp70 mediated recovery after relatively severe heat
shocks whereas it does not significantly affect the rate or extent of inactivation during heat shock.
One possibility is that only after severe heat shock cells are depleted from Al'P. In that case. the
ATP/ADP exchange rate will decrease and not be able to counteract he Hsp40 mediated
stimulation of the Hsp70 ATPase activity. Moreover, it has been shown that Hsp40 has an
increased slimulating effect on the Hsp70 ATPase activity at increased temperatures. This might
contribute to the capacity ofHsp40 to affect Hsp70 in the recovery ofluciferase that is denatured
after high heat doses. An alternative xplanation for the finding that Hsp40 plays only a role in
the refolding process might be thaÍ in vivo Hsp40 can only affect Hsp70 at non-stress
temperatures, such as during recovery from damage and not during hyperthermia. A stimulating
effect from Hsp40 may than result in an increased recovery ofluciferase activity by increasing
thc Hsp70 chaperone cycle. This is only effective if the increase does not result in a premature
rc leasc of  unfo lded prote ins.
The studies described in this thesis resulted in new insights on the cooperation between
Hsp70 and Hsp40 in living cells. lhe developed luciferase model system can be used to
investigate the role of HSPs in the cellular response on other stressors than hyperthemia and also
on pathophysiological processes. Further research is required on the role of other Hsp70
regulators to obtain n.rore insight in the functioning of Hsp70 in intact cells. This will result in
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